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We report on an improved measurement of the 8B solar neutrino interaction rate with the Borexino
detector at the Laboratori Nazionali del Gran Sasso. Neutrinos are detected via their elastic scatter-
ing on electrons in a large, radio-pure liquid scintillator target. Novel analysis approaches exploiting
most of the active volume of the detector have enabled the collection of data from 1.5 kt·y exposure
between 2008 and 2016. The measured rate of solar neutrino-induced, scattered electrons above 3
MeV of energy is 0.220+0.015−0.016 (stat) +0.006−0.006 (syst) cpd/100 t, which corresponds to an observed solar
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2neutrino flux assuming no neutrino flavor conversion of 2.55+0.17−0.19(stat)+0.07−0.07(syst)×106 cm−2 s−1. If
one assumes the 8B solar neutrino flux predicted by the high metallicity Standard Solar Model, the
average 8B solar νe survival probability is 0.36±0.08 at the mean visible energy of 7.9 MeV, in good
agreement with the MSW-LMA scenario.
I. INTRODUCTION
The observation of lepton flavor transformation of so-
lar neutrinos has played a decisive role in uncovering the
phenomenon of neutrino oscillations [1–7]. Solar neu-
trino flavor conversion is well described by the Mikheyev-
Smirnov-Wolfenstein (MSW) mechanism in matter and
neutrino mixing [8, 9]. Uncontroversial experimental evi-
dence that neutrinos oscillate exists for atmospheric neu-
trinos [10], as well as neutrinos produced at accelera-
tors [11] and nuclear reactors [12]. However, while reac-
tor anti-neutrino oscillations at the L/E solar frequency,
where L is the distance traveled and E is the neutrino
energy, have been clearly established by KamLAND [13],
a definitive experimental signature of solar neutrino fla-
vor conversion able to completely rule out other non-
standard conversion mechanisms is still missing.
Predicted signatures of MSW-LMA solar neutrino os-
cillations include the observation of MSW electron neu-
trino regeneration of solar neutrinos traversing the Earth
(the so-called day-night effect), and a characteristic turn-
up of the electron neutrino survival probability below
3 MeV. A first evidence of day-night asymmetry of the
8B solar neutrino rate was recently reported by Super-
Kamiokande [14]. The transition region for electron solar
neutrino survival probability continues to elude direct ex-
perimental investigation. Thus the study of 8B solar neu-
trinos with low energy threshold (alongside that of CNO
neutrinos) is important to test fundamental properties of
neutrinos as well as the detailed workings of solar fusion.
Borexino detects solar neutrinos with the lowest energy
threshold of all solar neutrino experiments to date. It has
measured, in order of increasing energy, the pp, 7Be, and
pep neutrino interaction rates [15–18], and the 8B neu-
trino interaction rate of neutrinos above ∼3 MeV [19].
The measured electron flavor survival probability of solar
neutrinos is fully compatible with the MSW-LMA neu-
trino oscillation picture by which low energy pp, 7Be,
and pep neutrinos undergo vacuum oscillations and 8B
experience enhanced MSW resonant matter conversion.
Borexino detects solar neutrinos via ν − e elastic scat-
tering in liquid scintillator. The 3 MeV electron recoil
threshold used in this study approaches (from above) the
yet unexplored energy region where MSW predicts the
matter-to-vacuum oscillation electron survival probabil-
ity upturn to occur. Available low-threshold measure-
ments by Borexino [19] and SNO [20] might suggest a
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deviation from this prediction, although with limited dis-
criminating power. Exploring this region is hence of great
interest because of the sensitivity to new physics, includ-
ing non-standard neutrino interactions [21] and light ster-
ile neutrinos [22, 23].
This work is also motivated by solar physics. The si-
multaneous, precise measurement of the 7Be and 8B solar
neutrino interaction rates is a robust test of the Standard
Solar Model (SSM) [24] by informing on the metal com-
position of the Sun, whose uncertainty is currently at the
center of a lively debate [25]. The conflict arises over a re-
cent determination of solar metal abundances (referred to
as "low-Z") obtained from a sophisticated 3D modeling
of the solar photospheric spectrum [26]. These models
predict a metal content of the Sun ∼2 times smaller than
previous "high-Z" models [27], resulting from a mono-
dimensional approach. Despite the 3D model strongly
improves the agreement with the surface granularity, the
width, shift, and asymmetries of spectral lines, a signifi-
cant discrepancy appears between low-Z SSM predictions
and helioseismological measurements.
The low-Z model predicts reduced 7Be and 8B solar
neutrino fluxes, down ∼9% and ∼19% from high-Z val-
ues, respectively, and essentially unchanged pp and pep
fluxes [24]. Despite large theoretical uncertainties on the
SSM 7Be and 8B fluxes (6% and 12%, respectively), their
precise measurement could discriminate between high
and low solar metallicity models.
Borexino has recently improved the measurements of
pp, pep, and 7Be interaction rates, the latter reaching a
precision of better than 3% [28]. Here we present an im-
proved measurement of the 8B solar neutrino interaction
rate, with more than a 10-fold increase of exposure with
respect to the previous measurement [19]. In addition
to a longer data acquisition period, this was enabled by
a much-enlarged fiducial mass encompassing almost the
entire Borexino 278 t scintillator target. This analysis
preserves the electron energy threshold at∼3 MeV. Other
notable improvements include the reduction of radioac-
tive backgrounds following the 2011 scintillator purifi-
cation campaign, effective at strongly reducing the 208Tl
contamination, and a new multi-variate approach to con-
strain the cosmogenic 11Be contamination. Finally, we
identified a new source of background induced by radio-
genic neutrons, not considered by the previous analysis.
II. EXPERIMENTAL APPARATUS
Borexino is located underground in the Laboratori
Nazionali del Gran Sasso (LNGS) in central Italy at a
depth of 3800m.w.e. Neutrinos are detected via elastic
scattering on electrons in a 278 t (nominally) organic liq-
3uid scintillator target. The scintillator consists of pseu-
documene solvent (PC, 1,2,4-trimethylbenzene) doped
with 1.5 g/l of PPO (2,5-diphenyloxazole), a fluorescent
dye. The liquid scintillator is contained in a 125µm-
thick, spherical nylon vessel of 4.25m nominal radius.
Scintillation light is detected by 2212 ETL 9351 8" pho-
tomultiplier tubes (PMTs) uniformly mounted on a 13.7
m-diameter stainless steel sphere (SSS). Two concentric
spherical buffer shells separate the active scintillator from
the PMTs and SSS (323 t and 567 t, respectively). They
are filled with PC doped with dimethyl phthalate (DMP)
to quench unwanted peripheral scintillation and shield
the central active target from radiation emitted by the
PMTs and SSS. The two PC buffers are separated by a
second 125µm-thick nylon membrane that prevents the
diffusion of radon emanated by the PMTs and by the SSS
into the central scintillator volume. Everything inside the
SSS constitutes the inner detector (ID).
The SSS is surrounded by a domed, cylindrical water
tank (18.0 m diameter, 16.9 m height), containing 2100 t
of ultra-pure water and serving as an additional absorber
for external γ-rays and neutrons from the laboratory cav-
ern. The water tank is equipped with 208 8” PMTs, and
run as a Čerenkov detector (and veto) of cosmic muons
(outer detector, OD [29]). A complete description of the
Borexino detector can be found in [30].
III. DETECTOR RESPONSE
The modeling of the Borexino detector response has
been steadily improving since the beginning of data-
taking in 2007. Invaluable information has been provided
by an extensive calibration campaign in 2009 [31]. More-
over, the large body of data recorded over a decade has
enabled extensive optimization of the Monte Carlo simu-
lation of the detector [32]. The level of understanding of
the Borexino apparatus has enabled us to extend the 8B
neutrino analysis to the entire scintillator target, an al-
most 3-fold increase from the previous measurement [19].
The adopted analysis provides handles to reject most of
the background components on an event-by-event basis
via specific selection cuts (Section IV). The radial dis-
tribution of the events surviving these cuts is fitted to
discriminate bulk events occurring inside the scintilla-
tor volume (including solar neutrino events) from back-
grounds originating outside the scintillator (see Sections
V and VI). No assumption is made on the neutrino en-
ergy spectrum, which allows us to test for any deviation
from the MSW prediction. An accurate monitoring of
the time evolution of the detector response is necessary.
An important example is offered by the monitoring of
a scintillator leak into the buffer region, started in April
2008, which caused the scintillator nylon vessel to deform
over time. This effect is amplified by the mixing due to
convective currents induced by temperature variations in
the detector hall. Another important time-dependent ef-
fect to consider is the occasional loss of PMTs and the
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FIG. 1. Relative variation [%], from Monte Carlo simu-
lations, of the light yield with respect to the detector cen-
ter, as function of the event reconstructed position (z vs
Rxy=
√
x2 + y2). The correspondent systematic error was es-
timated in σ=1.9%, using 241Am-9Be calibration data.
variation of their performance over the years.
To appropriately model time-dependent effects, we
generate Monte Carlo simulated data sets on a weekly ba-
sis, which incorporate an exact map of operating PMT’s
and their performance parameters (such as gain and
noise) determined with periodic laser calibration runs.
In addition, the time-varying profile of the scintillator
vessel shape is also included and updated every week. It
is measured by locating background events generated by
trace radioactive contamination embedded in the nylon
film. The uncertainty on the reconstructed radial posi-
tion of the nylon vessel is estimated at 1% by comparing
the reconstructed position of background events with the
position of the membrane extracted from pictures taken
with CCD cameras [18, 31]. Weekly simulated data sets
contain 102–103 times events than the real data and are
collated after weighting them by the detector live time.
This procedure applied to all the simulations used in this
work, unless otherwise stated.
The energy threshold for this analysis is set at 3.2 MeV
equivalent electron energy, with 50% detection efficiency,
to entirely reject 2.614 MeV γ-rays from 208Tl, due to
232Th contamination in the PMT’s and the SSS. The
energy calibration relies on the characteristic γ transi-
tions from neutron captures on hydrogen and carbon, of
2.22 MeV and 4.95 MeV, respectively. Neutrons are emit-
ted by a 241Am-9Be source inserted in the scintillator.
The light yield is defined as the sum of the integrated
charge measured by each PMT and is expressed in pho-
toelectrons (pe). In the central region of the detector
(R<1 m) it is ∼500 pe/MeV/2000 PMT’s: the Monte
Carlo model reproduces it to within 1% [31, 32].
The non-uniformity of the spatial distribution of work-
ing PMTs, together with the scintillator light attenuation
causes the energy response to depend on the event posi-
tion. The Monte Carlo model predicts a relative variation
of the light yield with respect to the center that ranges
from -23% in the bottom hemisphere to +8% in the upper
4hemisphere (see Figure 1).
The energy response of the model was validated by
comparing data collected with the 241Am-9Be calibra-
tion source with simulations: the relative difference of
the light yield, ∆LY, varies with radius up to a few % at
the edge of the scintillator volume. The associated uncer-
tainty is 1.6% when computes as the RMS of the ∆LY
distribution, weighted by the event density. The over-
all error on the Monte Carlo energy response is equal
to 1.9%, which combines the uncertainties on the abso-
lute light yield at the detector center and the relative,
position-dependent variation.
The energy threshold for the analysis is set at 1650
p.e., corresponding to 3.2 MeV electron energy, with de-
tection efficiency of 50% in the whole volume, as shown
in Figure 2. The threshold is higher than the one used in
our previous analysis (1494 p.e.) to take into account the
higher light collection efficiency for events at high radius
in the upper hemisphere, as illustrated in Figure 1. This
region was previously excluded by a volume cut at 3 m
radius. The upper limit is set at 8500 p.e. (∼17 MeV
electron energy), to fully accept 8B neutrino-induced re-
coil electrons.
Radial fits to the energy spectra in two sub-ranges are
independently performed. A low energy range (LE), with
[1650, 2950] p.e., including events from natural radioac-
tivity, and a high energy range (HE), with [2950, 8500]
p.e., dominated by external γ-rays following neutron cap-
ture processes on the SSS, as discussed in Sections IV and
V. In Borexino, the energy deposited by natural, long-
lived radioactivity never exceeds 5 MeV (the Q-value of
the β-decay of 208Tl), since the scintillation signal from
α’s of higher kinetic energy are quenched and fall be-
low the analysis threshold. Of the residual backgrounds
surviving selection cuts (see Section IV) only cosmogenic
11Be and γ’s from neutron capture reactions make it into
both energy windows. The signal detection efficiency as-
sociated to the energy cuts is evaluated by simulating
neutrino events distributed uniformly throughout the ac-
tive volume. The fractional number of events selected
within the LE and HE ranges, converted to the recoil
electron energy scale, is shown in Figure 2.
IV. DATA SELECTION
This work is based on data collected between January
2008 and December 2016 and corresponds to 2062.4 live
days of data, inclusive of the 388.6 live days of data used
in the previous measurement. Data collected during de-
tector operations such as scintillator purification and cal-
ibrations are omitted.
Results from the HE sample use data from the entire
active volume, while the LE sample requires a spatial cut
to remove the top layer of scintillator. This is motivated
by the presence of PPO from the scintillator leak in the
upper buffer fluid volume, which may cause events from
this region to be reconstructed with energy at ∼3 MeV
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FIG. 2. Detection efficiencies and associated uncertainties
(due to the electron energy scale determination) of the LE
([1650, 2950] p.e., red line) and HE ([2950, 8500] p.e., blue
line) ranges as a function of electron energy. The detection
efficiency equals 1 up to the 8500 p.e. upper edge of the HE
range.
threshold. The z-cut to remove leak-related events was
conservatively set at 2.5 m. The impact of this cut is in-
vestigated as a potential source of systematic uncertainty
(see Section VI).
The active mass is evaluated with a toy Monte Carlo
approach, by measuring the fraction of events falling
within the scintillator volume for a set generated in
a volume that includes it. The time-averaged mass
is 266.0±5.3 ton, and assumes a scintillator density of
0.8802 g/cm3 [18]. The total exposure is 1,519 t·y, a
∼11.5-fold increase with respect to our previous analy-
sis. The mass fraction for the LE sample, after the z-cut
at 2.5 m is 0.857±0.006, obtained using a full optical
simulation that includes effects from the spatial recon-
struction of events.
Data are selected with the following cuts, already dis-
cussed in reference [19]:
• neutron cut : a 2 ms veto is applied after each muon
detected by both ID and OD, to remove cosmogenic
neutron captures on carbon in the scintillator and
in the buffer;
• fast cosmogenics cut : a 6.5 s veto is applied after
each muon crossing the scintillator to remove cos-
mogenic isotopes with life times between a few ms
and 1.2 s (12B, 8He, 9C, 9Li, 8B, 6He, and 7Li);
• run start/break cut : a 6.5 s veto is applied at the
beginning of each run to remove fast cosmogenic
activity from muons missed during run restart;
• 10C cut : a spherical volume of 0.8 m radius around
all muon-induced neutron captures is vetoed for
120 s to reject cosmogenic 10C (τ=27.8 s);
• 214Bi-Po cut : 214Bi and 214Po delayed coincident
decays (214Po-τ=236 µs) are identified and rejected
with ∼100% efficiency.
5Muons crossing the water tank but not the SSS (ex-
ternal muons) are detected by the OD with an efficiency
>99.25% [29]. Muons crossing the scintillator (internal
muons) are defined either by looking at simultaneous sig-
nals from the ID and OD or by looking at the scintillation
pulse shape in the ID alone. The pulse shape selection
variables are the mean and peak times of the scintillation
time profile. An event is identified as an internal muon
if the mean time of the scintillation is >100 ns or the
peak time is >30 ns. The rate of residual muons contam-
inating the LE and HE samples are measured following
the procedure described in [19] as (1.2±0.1)×10−4 and
(3.8±0.3)×10−4 cpd/100 ton, respectively.
The definition of internal muon adopted by the fast
cosmogenic cut additionally requires E>400 p.e. (∼0.8
MeV) in order to contain the dead time introduced by
the fast cosmogenic cut itself. The energy cut has virtu-
ally no impact on the rejection efficiency of cosmogenic
background, since it only removes muons that traverse
10-20 cm of buffer liquid and are hence far away from
the scintillator target. The internal muon tagging ineffi-
ciency introduced by this tighter cut is <8×10−5 [29].
The rate of 4.95 MeV γ-rays from cosmogenic neu-
tron captures on carbon, surviving the neutron cut, is
(0.72±0.02)×10−4 cpd/100 t, with a mean capture time
of ∼254.5 µs [29], a cosmogenic neutron rate of 90.2±3.1
cpd/100 t and the carbon-to-hydrogen neutron cross sec-
tion ratio of ∼1% [33].
The residual rate of fast cosmogenics after the fast
cosmogenic cut is (2.4±0.1)×10−3 cpd/100 t, obtained
by fitting the distribution of elapsed time between each
event and the previous muon (see [19] for details).
The residual contamination of 10C surviving the 10C
cut, is evaluated as in [19, 33]. The 10C cut is ef-
fective only on “visible” reaction channels, i.e. those
for which at least one neutron is emitted in associa-
tion with 10C production. The selection efficiency is
0.925+0.075−0.200 [33] and the “visible” 10C rate is found to be
0.48+0.04−0.11 cpd/100 t, in good agreement with the previ-
ous measurement (0.52+0.13−0.09 cpd/100 t [33]). The residual
rate from visible channels is 4.8+0.4−1.0×10−4 cpd/100 ton,
which includes events surviving the 10C cut, the energy
cut, which rejects 98.3% of 10C events, and the fast
cosmogenic cut, with an additional 17% rejection effi-
ciency. The residual rate from invisible production chan-
nels, dominated by the 12C(p,t)10C reaction and evalu-
ated in [19], is (4.7±14.1)×10−4 cpd/100 t, after energy
and fast cosmogenic cuts.
The 214Bi-Po cut identifies 214Bi events correlated in
time and space with the 214Po daughter nucleus. The
closely-occurring events are searched in a [0.02, 1.4] ms
time window and with a maximum separation of 1 m.
In addition, we require that the Gatti parameter, an
α/β pulse shape discrimination estimator [34], for the
214Po to be >-0.008. The overall efficiency of this cut is
0.91 [19]. The fraction of 214Bi with energy larger than
the lower 1650 p.e. analysis threshold is derived directly
from this rejected sample and is 6×10−4. The residual
214Bi rate leaking into the LE energy window is thus
(2.2±1.0)×10−4 cpd/100 t.
TABLE I. Residual background rates, after selection cuts, in
the LE [1650, 2950] p.e. and HE [2950, 8000] p.e. ranges,
as discussed in Section IV. The particular case of 11Be is dis-
cussed in Section V.
Background LE rate HE rate
[10−4 cpd/100 t] [10−4 cpd/100 t]
Fast cosmogenics 13.6±0.6 10.4±0.4
Muons 1.2±0.1 3.8±0.3
Neutrons 0.72±0.02 0
10C 9.5±14.1 0
11Be 0+36.3−0.0 0+54.9−0.0
214Bi 2.2±1.0 0
Total 27.2+38.9−14.1 14.2+54.9−0.5
The dead time introduced by all cuts is estimated with
the toy Monte Carlo method. The selection cuts depend
on internal and external muons and neutrons, so we gen-
erate artificial events with a constant rate (1.2 Hz) uni-
formly distributed in the IV and we add muon and neu-
tron events selected from data with their time stamp.
The real vessel profiles are adopted for each week of data.
After applying the selection cuts to this hybrid dataset
we find the dead time fraction to be 27.6%. 214Bi-Po cut
is the only cut which does not depend on muons, however
it does not introduce any relevant dead time due to the
extremely low rate. The residual detector livetime, after
deadtime subtraction, is 1494 live days.
The rate of candidate events emerging from the selec-
tion cuts is 4.02 cpd. Untagged muons elude these cuts
and could induce bursts of cosmogenic isotopes. To sup-
press this source of background we require a minimum
time difference of 5 s between events. The expected num-
ber of random coincidences in a 5 s window is 1.4 in the
whole data set, corresponding to an additional dead time
fraction of 2.5×10−4. A total of 17 events is rejected by
this cut.
The final sample comprises of 6065 candidate events
surviving all selection cuts, with an exposure of
1089±21 t·y after dead time subtraction. The resulting
energy spectrum is shown in Figure 3 for both LE and
HE energy windows. Residual background rates, after
selection cuts, are listed in table I.
V. UNTAGGED BACKGROUNDS
In this section we report on strategies developed to
characterize backgrounds that survive selection cuts and
cannot be identified on an event-by-event basis. Four
sources of background are of this kind. Two of them,
bulk 208Tl and in situ produced cosmogenic 11Be, are
uniformly distributed within the scintillator volume. An-
other is represented by decays of 208Tl embedded in the
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FIG. 3. Energy spectrum of residual events after selection
cuts in the LE (red) and HE (blue) ranges. A z-cut at 2.5 m
is applied to the LE region (see text) causing the step in the
number of selected events visible at 2950 pe. No events are
found in the HE sub-range [6000, 8500] p.e..
nylon vessel or on its surface, and the last, i.e. high en-
ergy γ-rays from neutron captures on peripheral detector
components, are external to the IV.
A. 208Tl contamination
208Tl, the product of 212Bi decays with 36% branch-
ing ratio, β-decays with Q = 5.0 MeV and the emission
of both a β and γ-rays. The 208Tl activity is quan-
tified by looking at the alternative 212Bi decay mode
(64% BR) and counting the 212Bi-212Po delayed coin-
cidences. The short mean life (τ = 431 ns) of 212Po
together with the space correlation between the two de-
cays, makes these coincidences easy to identify with little
to no background, allowing for an accurate estimation of
212Bi, and hence of 208Tl. For the latter we measure an
activity of (1.8±0.3)×10−2 cpd/100 t. This is about 5
times lower than in earlier work [19], a consequence of
the scintillator purification campaign occurred after the
former search.
In the outermost shell of scintillator, 2.6 MeV γ-rays
from 208Tl decays (99% BR) may escape into the buffer
and shift the reconstructed event energy below the anal-
ysis threshold. This artificially shifts the radial distri-
bution towards lower radii with respect to the neutrino
induced electron recoils, as shown in Figure 4. For this
reason, 208Tl is included as a separate component in the
radial fit, carrying a penalty factor derived from the un-
certainty on its measured bulk activity. This represents
a difference with respect to the previous analysis, where
208Tl background was statistically subtracted from the
total event rate.
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FIG. 4. Radial distributions of simulated 8B ν events and
208Tl decays, with [1650, 2950] p.e. energy cut. The two
spectra are normalized to the number of reconstructed events.
The difference is due to 208Tl emission γ-rays, escaping the
scintillator.
B. Cosmogenic 11Be
11Be is a β emitter with Q = 11.5 MeV and τ ∼ 20 s.
In Borexino it is a product of muon spallation on 12C. In
situ 11Be production in liquid scintillator was observed by
KamLAND at the Kamioka mine [35], where the mean
muon energy 〈Eµ〉 ∼ 260 GeV. On the contrary, both
Borexino (at Gran Sasso 〈Eµ〉 ∼ 280 GeV) and the NA54
experiment at CERN, which investigated the production
rate of radioactive isotopes in liquid scintillator with a
muon beam (at 100 and 190 GeV) [36], were only able to
set upper limits on the production of 11Be.
Our previous 8B analysis relied on the extrapolation of
the 11Be rate from the KamLAND measurement, yield-
ing (3.2±0.6)×10−2 cpd/100 t above 3 MeV. The new
Borexino estimation of the 11Be rate is based on a larger
exposure and on a multivariate fit that includes the en-
ergy spectrum and the time profile of events with respect
to the preceding muon.
Candidate 11Be events are selected with E > 6 MeV
from a [10, 150] s time window following the preceding
muon. The lower time cut is set at 10 s to exclude events
from other cosmogenic isotopes. To contain accidental
background, the energy deposited by preceding muons
must be larger than 5 MeV, and the 11Be candidate must
be spatially confined within a 2 m radius from the muon
track. The efficiency of the latter cut is >91.4%, ob-
tained by assuming that all 11Be isotopes are produced
by neutron spallation via 12C(n,2p)11Be reaction by neu-
trons with an average lateral distance of 81.4 cm from
the muon track, as measured in [33]. The assumption
is conservative when considering that neutrons have the
longest range of all muon-induced secondaries responsi-
ble of 11Be production, such as pi−, via 12C(pi−,p)11Be
[37], and 7Li, via 12C(7Li,8B)11Be.
Events collected in the [150, 300] s window after a
muon and occurring more than 2 m away from the muon
track are used to evaluate accidental background.
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FIG. 5. Radial distributions of 212Bi events occurring in the
scintillator, selected with the fast 212BiPo coincidences, with
no energy degradation for the α decay (black dots). A uniform
bulk distribution of simulated 212Bi events is shown in red.
The difference (green) between the two spectra corresponds to
212Bi events resulting from emanation and diffusion from the
nylon vessel. The distribution of emanation 208Tl is shown in
blue. The 212Bi distribution (mostly a pure β decay, Q = 2.25
MeV) is wider than that of 208Tl (β + γ decay, Q = 5 MeV)
due to poorer spatial resolution at lower energy. See text for
details.
The 11Be spectral shape is obtained with Monte Carlo
simulations, while the decay time profile is analytically
modeled. The multivariate fit prefers a negative 11Be
rate, and is compatible with zero. When setting a bound-
ary condition requiring only null or positive rates, the fit
results a 11Be rate above 3 MeV of zero with a positive
sigma of 9.1×10−3 cpd/100 t. This is ∼3 σ lower than
the rate extrapolated from the KamLAND measurement.
The observed low rate may be due to the cosmogenic and
10C cuts, which affects also 11Be events. The 11Be rates
in the LE and HE ranges are listed in table I.
C. Surface contamination
The nylon of the IV is the only material in direct con-
tact with the scintillator, in addition to the plumbing of
the filling and purification system. The IV was designed
and constructed to make it as radio-pure as possible. The
measured 238U and 232Th concentration in nylon is 5 and
20 ppt, respectively [38]. Nonetheless, while one of the
cleanest solid materials ever assayed at the time Borex-
ino was commissioned, its intrinsic radioactivity still ex-
ceeds that of the scintillator by many orders of magni-
tude. Events from the nylon vessel thus contribute to the
event rate in the outermost shells of scintillator and call
for volume fiducialization for most analyses.
The only vessel background causing events in the en-
ergy range of interest for this analysis is 208Tl, a daugh-
ter of 232Th embedded in the material. When it decays,
208Tl may find itself within the nylon membrane (con-
tributing to what we call surface events), or in the fluid in
close proximity of the vessel. Two mechanism can cause
208Tl to leave the nylon. Firstly, nuclei in the 232Th de-
cay chain may recoil into the liquid as a result of one of
the intermediate decays. Alternatively, 220Rn, a volatile
progenitor of 208Tl can diffuse out of the nylon into the
scintillator during its 56 s half life. Surface and emana-
tion components display different spatial distributions,
which we model independently.
Surface events are simulated by generating 208Tl de-
cays uniformly across the nylon membrane. The em-
anated component cannot be reliably modeled because
of the uncertainty introduced by convective motions of
the scintillator [39]. The time delay between the appear-
ance of 220Rn and the 208Tl decay is dominated by 212Pb
(τ ∼15 hr). The diffusion scale of 208Tl over this time
interval suggests that it may decay several cm from the
vessel surface, a visible effect in Borexino.
The radial distribution of emanated 208Tl events is
derived from the measured distribution of 212Bi-212Po
fast coincidences. When α’s are emitted from 212Po im-
planted into the vessel, they lose a fraction of their energy
inside the nylon and their scintillation signal appears de-
graded. Surface events can thus be discarded by selecting
212Po decays with full α energy deposition in scintilla-
tor. To extract the 212Bi emanation component from the
distribution of 212Bi-212Po events, bulk 212Bi events are
simulated and subtracted from the 212Bi data sample,
after being normalized by their intrinsic contamination
measured in the scintillator (see Figure 5).
Despite 212Bi and 208Tl being equally located in space,
their distributions differ because of energy-dependent res-
olution effects. We derive the true "emanated" 212Bi
radial distribution using the ROOT TSpectrum decon-
volution algorithm [40] to deconvolve the detector re-
sponse. The difference between reconstructed and true
radius for events generated 1 cm away from the vessel
inside the scintillator is obtained from Monte Carlo sim-
ulation. The true radial distribution is in turn convolved
with the Monte Carlo spatial response function generated
for 208Tl events, with the same procedure used for 212Bi.
The final 208Tl radial distribution is shown in Figure 5.
The surface and emanation radial distributions of 208Tl
are included in the fitting strategy, described in Section
VI. Uncertainties on the detector spatial response for
both 212Bi and 208Tl events are included in the evalu-
ation of systematic uncertainties, as discussed in Section
VI.
D. Radiogenic neutron captures
The HE data sample should only contain bulk scintil-
lator events, namely 8B neutrinos and cosmogenic 11Be.
No contributions from long-lived, natural radioactivity
with E>5 MeV is expected. However, the data show
an excess of events at large radii at odds with a bulk
distribution, as shown in Figure 6. This effect was not
previously observed because of limited statistics.
The excess can be explained by γ-rays arising from
8TABLE II. 238U, 235U, and 232Th contaminations in stainless steel and PMT glass from Borexino material screening measure-
ments [38], assuming secular equilibrium; neutron fluxes from (α, n) reactions and fissions.
SSS (45 t) PMT Glass (1.77 t)
238U 235U 232Th 238U 235U 232Th
Concentration [g/g] [38] 3.7 10−10 2.7 10−12 2.8 10−9 6.6 10−8 4.8 10−10 3.2 10−8
(α, n) rate [n/decay] [41] 5.0 10−7 3.8 10−7 1.9 10−6 1.6 10−5 1.9 10−5 1.8 10−5
(α, n) neutron flux [year−1] 3.3 103 1.2 102 3.1 104 7.3 105 4.1 104 1.3 105
Spontaneous fission rate [n/(g s)][42] 1.36 10−2 3.0 10−4 <1.32 10−7 1.36 10−2 3.0 10−4 <1.32 10−7
Spontaneous fission neutron flux [year−1] 7.1 104 O
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FIG. 6. Radial distribution of 8B candidates (black dots)
compared with the Monte Carlo (red) one for events with
Q>2950 pe (∼5MeV). The excess at large radii is an indica-
tion for the additional high energy external background com-
ponent induced by radiogenic neutron captures on detector
materials.
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FIG. 7. Predicted energy spectra and fluxes of neutrons
produced via (α, n) reactions and spontaneous fissions, from
238U, 235U, and 232Th contaminations in SSS and in PMT
glasses.
the capture of radiogenic neutrons produced in detec-
tor materials via (α, n) or spontaneous fission reactions.
Two sufficiently massive detector components with non-
negligible 238U, 235U, and 232Th contamination are iden-
tified as possible sources of neutrons: the ∼45 t SSS, and
the glass of the PMT’s (totaling ∼0.8 kg × 2212 PMT’s
∼1.77 t).
The 238U and 232Th contamination of the SSS and the
PMT glass measured by the Borexino [38] are reproduced
in table II. The 235U contamination is obtained from 238U
imposing the natural isotopic ratio, and the neutron yield
used in this study assumes secular equilibrium along each
decay chain. Some Borexino detector components, such
as the PMT dynode structure, are known to have a higher
specific radioactive contamination, but are neglected here
in light of their limited total mass.
The mean number of (α, n) neutrons per decay and
their associated energy spectra in each material are eval-
uated for each decay chain with NEUCBOT [43], a tool
based on the TALYS simulation package [41] that also
accounts for any α energy lost inside materials.
The energy spectrum of neutrons produced by sponta-
neous fission reactions is modeled with the Watt’s semi-
empirical relation [44], as
f(E) ∝ Sinh(
√
2E) e−E , (1)
The corresponding neutron fluxes are derived from refer-
ence [42] and quoted in table II.
Neutrons emerging from the SSS and the PMT glass
are simulated with the Borexino Monte Carlo framework
[32], using the input energy distributions described above
(Fig. 7 and Eq. 1). The simulation indicates that neu-
trons capture mainly on the iron of the SSS and on the
hydrogen and carbon in the buffer fluid within ∼80 cm of
the SSS, producing γ-rays with energies up to ∼10 MeV.
These γ-rays are attenuated by the remaining ∼2 m-thick
buffer fluid separating it from the scintillator volume.
The fraction of events with E > 1650 p.e. ranges be-
tween 10−5 and 10−4, depending on the location of the
neutron capture and the energy of the emitted γ-ray. The
simulations of energetic γ-rays from the detector periph-
ery were validated in Borexino with the deployment of a
228Th calibration source [32].
We calculate that 148 (151) events induced by neutrons
in the LE (HE) data samples. The uncertainty on this
estimation is dominated by the (α, n) cross sections. As
discussed in [43], disagreement of up to 100% exists be-
tween data compilations and predictions by TALYS and
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FIG. 8. Reconstructed radial distributions of simulated
events with energy falling in the LE range and generated by
neutron captures on carbon in the buffer (red), and on iron
in the SSS (black).
SOURCES-4C [45], an alternative code for calculating
α-induced neutron fluxes. In the same reference, good
agreement between the predicted neutron energy spectra
is reported.
We finally address possible systematic effects on the re-
constructed radial distribution of events in the LE range.
These arise from a possible imbalance between γ-rays
produced in the buffer region and in the SSS and PMTs
caused by a simplified model of the detector used in the
simulations, which lacks certain details such as, e.g., the
internal PMT structure and the cable feedthroughs. We
compare the distribution of events from neutron captures
in the buffer and in the SSS and observe minor differences
limited to the vessel edge, as shown in Figure 8. The im-
pact of this systematic is evaluated in the next section.
VI. DATA ANALYSIS
The identification of the neutrino signal relies on its dif-
ferent radial distribution from that of background. Neu-
trino candidates are expected to be uniformly distributed
throughout the scintillator, a property shared with 11Be
background that is described by the same radial function
but whose rate is, however, constrained as illustrated in
Section V. The bulk 208Tl on the contrary, follows a dif-
ferent distribution, as shown in Fig. 4 and discussed in
Section V.
The 8B energy spectrum used here is that from W.
Winter et al. [46]. Spectral distortions due to neutrino
flavor conversion have no impact on the shape of the ra-
dial LE and HE distributions, as illustrated in Figure 9,
where radial shapes simulated for both energy windows
with and without MSW-LMA flavor conversion are com-
pared.
The radial fit estimator is the binned likelihood ratio,
to account for empty bins at small radii. We include a
penalty factor constraining the bulk 208Tl component to
the known uncertainty on its rate.
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FIG. 9. Comparison of the radial distributions from unoscil-
lated and oscillated neutrinos in the LE and HE ranges. Os-
cillated and unoscillated spectra are almost indistinguishable,
confirming the negligible dependence of the radial distribution
on the energy spectrum. The MSW-LMA parameters used
for simulating oscillating neutrinos are ∆m2=7.50×10−5 eV2,
sin2(θ12)=0.306, and sin2(θ13)=0.02166 [47].
TABLE III. LE and HE rates of signal and background com-
ponents from the radial distribution fits (only statistical er-
rors are quoted). Bulk events are dominated by 8B neutrinos,
with contributions from 11Be decays and residual background
quoted in Tab. I
Component LE rate HE rate
[cpd/227.8 t] [cpd/266.0 t]
Bulk events 0.310±0.029 0.235±0.021
External 0.224±0.078 0.239±0.022
208Tl bulk 0.042±0.008 -
208Tl emanation 0.469±0.063 -
208Tl surface 1.090±0.046 -
The HE data sample is fitted with 2 components only:
8B neutrinos and the external component from neutron
captures. The LE sample requires three additional fit
components, all due to 208Tl: bulk (dissolved in the scin-
tillator), surface (intrinsic to the nylon vessel), and ema-
nation (diffused from the nylon vessel into the outer edge
of scintillator). The fit results are summarized in table
III.
The HE and LE radial fits are shown in Fig. 10 and
Fig. 11, and the corresponding χ2/dof, excluding empty
bins, of 30.4/35 (HE) and 31.3/36 (LE). The emanation
208Tl rate is measured at 0.47±0.06 cpd. It is worth
mentioning that its exclusion from the LE fit leads to a
χ2/dof of 91.6/36.
The number of external neutron capture-induced
events from the fit is 351±31 and 335±117 for the HE
and LE ranges, respectively. In both cases the best-fit
number is ∼2 times larger than predicted by simulations,
still within less than 2 σ, including model uncertainties.
The best-fit normalization of the bulk 208Tl component
for the LE dataset is close to the central value expected
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FIG. 10. Fit of the event radial distribution in the HE range,
[2950, 8500] p.e..
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FIG. 11. Fit of the event radial distribution in the LE range,
[1650, 2950] p.e..
from the rate of 212BiPo coincidences. The weak anti-
correlation coefficient (−0.299) between 8B neutrinos and
208Tl substantiates the ability of the fit to discriminate
between these two distributions.
The best-fit rate of 8B neutrinos, after subtraction of
residual backgrounds itemized in table III, is 0.133±0.013
cpd/100 t for the LE energy range and 0.087+0.008−0.010
cpd/100 t for the HE window. The total rate above 1650
p.e. is 0.220+0.015−0.016 cpd/100 t.
The result from the fit is stable (within 1 σstat) to
changes of the histogram binning and to a ±3% linear
distortion of the simulated radius. A slight decrease in
the normalized χ2 was observed by multiplying the sim-
ulated radius by 1.015, improving the agreement at large
radii, small enough to raise any issue with the radius in
the model.
The fitted 8B neutrino interaction rates were tested to
be stable to changes of the response function used for de-
convolving (convolving) the 212Bi (208Tl) spatial distri-
bution, determining the radial profile of the emanation
208Tl component (see Fig. 5). Its stability was specifi-
cally tested with a response function simulating events
located 6 cm away from the IV, inside the scintillator,
and no appreciable effect was observed.
Finally, we tested the fit stability against variations of
the radial shape of the neutron capture γ-rays compo-
nent, assuming the limiting cases of neutrons exclusively
capturing on the SSS or the buffer fluid, shown in Fig-
ure 8. A smaller normalized χ2 is obtained when consid-
ering neutron captures on SSS only, but the 8B neutrino
rate is stable within statistical uncertainty.
The systematic sources mostly affecting the result are
the determination of the active mass and the uncertainty
on the energy scale (both discussed in section IV), and
the z-cut applied in the LE range. To quantify the effect
of the latter, we performed the fit with a modified z-
cut, ±0.5 m around the chosen value (2.5 m). The other
systematic effects were evaluated with Monte Carlo sim-
ulations. Subdominant sources of systematic uncertainty
relate to the scintillator density and to the live time es-
timation. Systematic uncertainties for the LE and HE
ranges are collected in Table IV.
TABLE IV. Systematic sources and percentage uncertainties
of the measured rates in the LE, HE, and LE+HE ranges.
LE HE LE+HE
Source σ σ σ
Active mass 2.0 2.0 2.0
Energy scale 0.5 4.9 1.7
z-cut 0.7 0.0 0.4
Live time 0.05 0.05 0.05
Scintillator density 0.5 0.5 0.5
Total 2.2 5.3 2.7
In summary, the final 8B solar neutrino rates in the
LE, HE, and combined energy regions are:
RLE = 0.133
+0.013
−0.013 (stat)
+0.003
−0.003 (syst) cpd/100 t,
RHE = 0.087
+0.08
−0.010 (stat)
+0.005
−0.005 (syst) cpd/100 t,
RLE+HE = 0.220
+0.015
−0.016 (stat)
+0.006
−0.006 (syst) cpd/100 t.
The precision on the LE+HE 8B rate measurement is
∼8%, improved by more than a factor 2 with respect to
our previous result [19].
VII. 8B NEUTRINO FLUX AND SURVIVAL
PROBABILITY
The measured 8B solar neutrino rate in the LE+HE
range is in good agreement with 0.211±0.025 cpd/100t,
i.e. that expected from the B16 SSM [24] with high
metallicity (GS98 [27]), and assuming MSW+LMA
flavor transformation. The equivalent flavor-stable
8B neutrino flux inferred from this measure-
ment is 2.55+0.17−0.19(stat)
+0.07
−0.07(syst)×106 cm−2s−1, in
good agreement with the previous Borexino re-
sult of 2.4±0.4×106 cm−2s−1 [19] and with the
high-precision measurement by SuperKamiokande,
2.345±0.014(stat)±0.036(syst)×106 cm−2 s−1 [14]).
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FIG. 12. The 8B neutrino energy spectrum (black) and the
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HE (blue), and LE+HE (green) energy windows used in this
analysis. No flavor transformation is assumed. The error
bands are obtained by combining statistical and systematic
uncertainties of the measured rates.
Figure 12 shows the fraction of the 8B neutrino spec-
trum generating scattered electrons falling in the LE, HE,
and combined LE+HE ranges. The corresponding neu-
trino mean energies are 7.9 MeV, 9.9 MeV, and 8.7 MeV
respectively.
For each range, we calculate the average electron neu-
trino survival probability, P¯ee, according to the MSW-
LMA model and following the same procedure used
in [19]. This is shown, together with P¯ee for other so-
lar neutrino sources, in Figure 13. We find P¯ee in the
LE+HE range, including the uncertainty on the solar
neutrino flux, equal to 0.36±0.08, in good agreement with
the expected value (0.335±0.008). The 8B neutrino rates
for the LE and HE ranges are fully compatible (albeit
with weak discrimination power) with the presence of an
“upturn” of P¯ee in the transition region between matter
and vacuum flavor conversion predicted by MSW-LMA.
It is interesting to alternatively consider the low metal-
licity solar model AGSS09met [26], which predicts almost
identical (to the percent level) pp and pep neutrino fluxes
and significantly reduced 7Be and 8B neutrino fluxes by
∼18% with respect to high metallicity models. Figure 14
shows P¯ee for the low-Z case. The average electron neu-
trino survival probability for the LE+HE 8B solar neu-
trino increases in this case to 0.479±0.09. The ensemble
of solar neutrino measurements by Borexino show some
tension with low-Z solar models.
The combination of solar neutrino measurements by
Borexino (8B from this work, pp and 7Be from [28]),
by SuperKamiokande [14] and by SNO [20] prefers the
high-Z solar model at ∼2 σ (p-value = 0.956), while
it is less compatible with the low-Z model (∼0.6 σ,
p-value = 0.465). Using Borexino data only, the high-Z
solar model is preferred at 3.1 σ, while the low-Z
one is compatible at 0.3 σ only. The discrimination
between the two models solely based on 8B, pp, and 7Be
neutrino rates is limited by SSM uncertainties. It is
Energy [MeV]1 10
) e
ν
 
→
 e
ν
P(
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
FIG. 13. Electron neutrino survival probability as func-
tion of the neutrino energy, evaluated for the 8B neutrino
source assuming the high-Z B16(GS98) SSM [24, 27] and the
flavor conversion parameters from the MSW-LMA solution
(∆m212=7.50×10−5 eV2, tan2θ12=0.441, and tan2θ13=0.022
[47]). Dots represent the Borexino results from pp (red), 7Be
(blue), pep (azure), and 8B neutrino measurements (black for
the LE+HE range, and grey for the separate sub-ranges). pp
and 8B dots are set at the mean energy of detected neutrinos,
weighted on the detection range in electron recoil energy. The
error bars include experimental and theoretical uncertainties.
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FIG. 14. Electron neutrino survival probability as function of
the neutrino energy and Borexino measurements, assuming
the low-Z B16(AGSS09met) SSM [24, 26]. Color codes and
explanation are the same of Figure 13.
noteworthy that a measurement of CNO solar neutrinos
with 10-15% precision, whose flux predictions vary by
∼30% between high-Z and low-Z models, has the poten-
tial to definitively settle the solar metallicity controversy.
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VIII. CONCLUSIONS
In this work, we report on a new measurement of
the 8B solar neutrino rate with Borexino, obtained with
∼1.5 kt·y of exposure, ∼11.5 times the statistics used in
the previous analysis [19].
Key improvements from the previous measurement in-
clude a lower 208Tl contamination in the purified scin-
tillator, the addition of radiogenic neutron captures on
detector components to the detector background model,
and a tighter constraint set on the rate of cosmogenic
11Be. Just as importantly, the analysis rests on a greatly
improved detector Monte Carlo simulation package, able
to model data at percent level. As a consequence, the
analysis was extended to include the entire scintillator
volume and the uncertainty of the 8B rate was reduced
from ∼19% to ∼8%.
This measurement complements the recent work on the
simultaneous spectroscopy of pp, 7Be, and pep solar neu-
trinos with Borexino Phase-II data [28].
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